Abstract
This series of papers comprises a systematic exploration of the hypothesis that the far ultraviolet radiation from star clusters and elliptical galaxies originates from extremely hot horizontal-branch (HB) stars and their post-HB progeny. This first paper presents an extensive grid of calculations of stellar models from the Zero Age Horizontal Branch through to a point late in post-HB evolution or a point on the white dwarf cooling track. The grid will be used to produce synthesized UV fluxes for the interpretation of existing and future short wavelength (900-3000Å) observations. Our sequences have been computed for a range of masses which concentrates on models that begin their HB evolution very close to the hot end of the ZAHB. We have calculated tracks for three metal-poor compositions ([Fe=H] = 2:26; 1:48; 0:47 with [O=Fe] > 0), for use with globular cluster observations. We have also chosen three metal rich compositions (Z = 0:017 = Z , Z = 0:04; 0:06) for use in the study of elliptical galaxy populations. For each of the two supermetal-rich compositions, for which the helium abundance is unconstrained by observation, we have computed two sets of sequences: one assuming no additional helium, and a second with a large enhancement (Y HB We use the term 'Extreme Horizontal Branch' (EHB) to refer to HB sequences of constant mass that do not reach the thermally-pulsing stage on the AGB. These models evolve after core helium exhaustion into Post-Early Asymptotic Giant Branch (AGB) stars, which leave the AGB before thermal pulsing, and AGB-Manqué stars, which never reach the AGB. We describe various features of the evolution of post-HB stars, discussing the correspondence between slow phases of evolution at high temperature and the Early-AGB evolution. We note that the relationship between core mass and luminosity for stars on the upper AGB is not straightforward, because stars arrive on the ZAHB with a range of masses and subsequently burn different amounts of fuel. We determine from our models an upper bound to the masses of EHB stars, finding that it varies little for [Fe=H] < 0, but that it is sensitive to the helium abundance. We show that for each composition there is a range of M 0 env (at least a few hundredths M ) in which the models have a slow phase of evolution at high temperature. The duration of this phase is found to increase with the metallicity, but its luminosity is lower, so that total UV energy output is not significantly different from metal-poor sequences. The properties of very metal rich stars are, however, made uncertain by our lack of knowledge of the helium abundance for [Fe=H] > 0; the range of stellar masses in which high temperatures are attained for significant periods of time increases with Y . There is no intrinsic composition dependence of the peak UV output from evolved stars; the output from a stellar population depends most directly on the mass distribution of stars arriving on the ZAHB. This is determined mainly by the mass loss that occurs on the red giant branch.
Introduction
The evolution of hot horizontal-branch (HB) stars has become the focus of much interest over the last few years as space-based observations have begun to allow detailed studies of hot components of stellar populations. The OAO-2 (Welch and Code 1979) , and ANS satellites (van Albada, deBoer and Dickens 1981) found evidence for a strong vacuum ultraviolet component in the radiation from some globular clusters. M 79 and M 62, which have horizontal branches that extend at least to the limit of detectability -down to and below the magnitude of the main-sequence turnoff -in optical wavebands, were also found to have significant UV flux at 1500Å(see also Caloi, Castellani & Piccolo 1987) . A larger set of globular clusters also contain a small number of very bright UV sources (Zinn, Newell, & Gibson 1972; deBoer 1985; Landsman et al. 1992) , which are identified with the penultimate stages of low-mass stellar evolution. The sdB and sdOB stars (Greenstein & Sargent 1974; Green, Schmidt & Leibert 1986) are also thought to be extreme HB objects, with hydrogen-rich envelopes of 0.003 -0.02 M .
The OAO-2 satellite (Code 1969 ) also discovered a high temperature stellar component in the UV radiation from elliptical galaxies and spiral galaxy bulges. This "UV upturn phenomenon", or "UVX," is regarded as an important clue to the stellar content and spectral evolution of elliptical galaxies and spiral bulges. The upturn in the spectra is found in nearly all ellipticals, and is produced by hotter stars than those in the globular clusters. Evolved heliumburning stars of various types have become prime candidates for the origin of this flux, as discussed by Greggio & Renzini (1990, hereafter GR90) and O'Connell (1993) . Considerable theoretical activity has been generated by the intriguing observation (Faber 1983; Burstein et al. 1988; Ferguson & Davidsen 1993 ) that the UVX may be positively correlated with the galaxies' metal abundance. Understanding the origin and evolution of this hot component may provide an important diagnostic for the evolution of the galaxies themselves, as clues to the age, metal abundance and other properties of the old populations. The hot phases are especially useful since they can be readily observed in the integrated Far-UV light of galaxies without serious confusion from the cooler stars that dominate the optical and infra-red spectrum.
The properties of stellar models in post-HB and post-Asymptotic Giant Branch evolutionary phases have been investigated by Paczyński (1971) , Gingold (1976) , Schönberner (1979 Schönberner ( , 1983 , Wood and Faulkner (1986) , Caloi (1989) , Castellani & Tornambè (1991) , Castellani, Limongi & Tornambè (1992) , and Horch, Demarque & Pinnsoneault (1992, hereafter HDP) . Prior to the helium-burning stages of evolution, stars with initial zero age main sequence mass M ZAMS < 2:2M evolve to the tip of the red-giant branch (RGB) where they undergo a violent ignition of helium burning known as the helium core flash. At this stage, the hydrogen burning shell has produced a central helium core of about 0.5 M in which Y = 1 Z. During the flash and relaxation to quiescent core helium burning on the Zero-Age Horizontal Branch (ZAHB) the carbon abundance of the core increases by around 3% but the core mass remains essentially unchanged. The core mass characterizing a ZAHB is M 0 c , assumed to vary little in a population of stars of fixed composition. Studies of HB morphology in globular clusters and observations of the field HB population imply that RGB stars lose a substantial amount of mass M RGB 0:1 0:3 M prior to arriving on the HB with total mass M HB = M ZAMS M RGB (cf. Iben & Rood 1970; Renzini 1981b ).
The size of the envelope mass at the ZAHB (M . We use the symbol M env to refer to the envelope mass during evolution. During the HB evolution the luminosity of the models depends largely on M 0 env , which determines the strength of the hydrogen-burning shell.The core mass M c thus increases to a greater or lesser degree depending on M 0 env ; for the least massive models, M c changes hardly at all before core helium exhaustion. In the ensuing evolution from the HB to the tip of the AGB the bulk of the energy is supplied by hydrogen burning, and M c grows much more rapidly as a result. There is a critical M 0 env = M TP env 0:05 M , above which the fuel supply is adequate to enable the evolution to reach the later stages of AGB evolution. According to our current understanding, the evolution on the thermally pulsing AGB (TP-AGB) culminates, after a number of pulses (also called "shell flashes") with a period of rapid mass loss or superwind (Renzini 1981a) , in the formation of a planetary nebula. During this period, enough of the envelope is removed that the star can no longer sustain a convective exterior, and it evolves rapidly to higher temperatures while retaining fixed luminosity. For models with M HB > M TP env + M 0 c the hydrogen fuel consumed during the HB phase increases with M 0 env , while that burnt in reaching the upper AGB varies less with the mass. The mass of the core at a given luminosity in the post-AGB stages tends to be an increasing function of M HB . The length of time spent as a hot, UV-producing object depends upon the luminosity, upon the degree to which mass loss still operates, and upon whether the helium burning shell is active as the star leaves the AGB. The latter depends, in turn, on whether the blueward evolution is triggered during a He shell flash, in which the hydrogen burning luminosity is negligible, or starts in a quiescent interpulse phase, in which the hydrogen shell is dominant (see Wood & Faulkner 1986; Iben et al. 1983 ). In any case, however, the time spent at high temperature in this Post-AGB phase is shorter than for their lower mass, more exotic counterparts described below. Figure 1 illustrates schematically the various possibilities for post-HB evolution. The normal AGB sequence described above is shown as a solid line. Its evolution through a thermal pulsing stage to a high post-AGB luminosity log L=L > 3:5 is indicated. The region of the HR diagram in which the rates of mass loss are greatest is also marked.
If the ZAHB envelope mass is less than some critical mass plus an amount to allow for mass loss (M 0 env < M TP env + M AGB ), the model will never become a "classic" TP-AGB star. We will refer to these as Extreme HB objects (EHB). Note that the EHB as we define it is determined by the post-HB evolutionary behavior of the models. Our EHB classification encompasses two generic evolutionary track morphologies: (1) Models that evolve through the early stages of the AGB but not the TP stage, illustrated by the long-dashed curve in Fig. 1 . The evolutionary tracks for these models peel away from the lower AGB before the TP phase as the envelope is consumed from below by nuclear burning and, probably, from above by stellar winds. They are referred to as post-Early AGB (P-EAGB) models (Brocato et al. 1990) . (2) The least massive of the EHB models never develop extensive outer convection zones and stay at high T eff ( > 20; 000K) throughout evolution, shown as the short-dashed curve in the diagram. Such models are known as "AGB-Manqué" (failed AGB) sequences (see GR90). Both classes of EHB star may undergo a small number of thermal pulses away from the giant branch. Note also that the range in temperature of the EHB depends on composition. For [Fe=H] < 0, EHB models have T eff > 10; 000K throughout the core helium burning phase, while for [Fe=H] > 0, even some red HB models (cooler than the RR Lyrae instability strip) do not have sufficient mass to reach the upper AGB. In Galactic globular clusters the EHB corresponds to the hottest part of the observed blue tail of the HB (Fusi Pecci et al. 1992) . The bluest of the EHB models correspond to the field sdB and sdOB stars. Heber (1987) defines these types as stars with log g > 5 and 20; 000K < T eff < 30; 000K, T eff > 30; 000K respectively. These stars are sometimes referred to by observers as "Extended" HB objects.
The HB lifetimes of the EHB models are 120 150 Myr, with typical luminosities 10 -100 L . The P-EAGB lifetime is a few hundred thousand years at luminosities of order 1000 L . The AGB-Manqué phase of evolution lasts 20 40 Myr at luminosities 100 1000L and with T eff 30; 000K. As will be emphasized in this paper (see also Castellani, Limongi and Tornambè 1992) EHB objects, if present in an old stellar population, will be the largest contributors to the UV flux because of their longevity at high temperature.
GR90 presented a detailed study of the stars that might give rise to the UV excess phenomenon. They investigated the populations of hot stars that would be produced in a metal-rich environment by making simple assumptions about the change in red-giant mass loss with metallicity and about the helium enhancement ∆Y =∆Z. They did not study the properties of evolving helium-burning models in detail, but rather concentrated on the effect on the HB mass distribution of their various assumptions. They concluded that the UV-output of post-AGB stars was not sufficiently great to produce the strongest observed UV upturns, and suggested that the hot HB, P-EAGB, and AGB-Manqué stars were probably responsible. They stressed the importance of the stellar population (rather than the intrinsic properties of stellar models) in determining the UV spectrum of evolved stars.
This work presents models necessary for a systematic study of the vacuum UV flux produced by populations of evolved low mass models. Previous work on this subject has estimated the UV radiation from hot stars by using the "Fuel Consumption Theorem" of Renzini & Buzzoni (1986; see also Tinsley 1980) . The theorem states that the integrated bolometric luminosity emitted in post-main-sequence stages of evolution is proportional to the fuel consumed in that stage. To avoid the problem of defining the total fuel supply available to post-HB models (cf. Castellani, Limongi & Tornambè 1992) , as well as to enable the use of bolometric corrections for any given UV waveband, we approach this problem instead by direct calculation. Our grid of tracks is finely spaced at the low-mass end of the HB and fills the region of the HR diagram between the white dwarf cooling sequence for M WD 0:5 M (T eff < 100; 000K, log L=L < 3:2) and the AGB. The extensive set of calculations we describe below will be used to produce quantitative estimates of the radiation at short wavelengths (900 < < 3300Å) in later papers in this series.
An important source of uncertainty in the consideration of the high metallicity models arises from the unknown envelope helium abundance. Models with high Y and high Z have the additional benefit that their total mass at fixed age is smaller (GR90), thus reducing the amount of mass loss on the RGB required to produce models on the EHB. Horch, Demarque and Pinnsoneault (1992) have recently found that high metallicity low mass HB stars produce significantly larger amounts of UV radiation than their metal-poor counterparts of similar total mass. We will demonstrate that this result arises mainly from their adopted helium abundances rather than the metallicity. The helium abundance of super-metal-rich stellar populations is, however, unconstrained by observation at present. Models of Galactic chemical evolution (Brocato et al. 1990 ) find ∆Y =∆Z values < 1. Observations have mainly been motivated by obtaining the primordial helium and have concentrated on systems more metal poor than the sun (Skillman 1993; Pagel et al. 1992; Peimbert, Torres-Peimbert, & Ruiz 1992) . We have therefore investigated the effects of varying Y at high metallicity by computing sequences assuming ∆Y =∆Z = 0 (the most conservative assumption), and ∆Y =∆Z = 3 or 4.
Physical Parameters and Inputs
Our model calculations have been performed with the evolution code described in Dorman (1992a) . We have used a new semiconvection/partial mixing code for the core (Dorman & Rood 1993 ) which allows easy computation of the end of HB evolution, which is susceptible to "breathing pulses" (Castellani et al. 1985; Renzini and Fusi Pecci 1988) . We have calculated evolutionary tracks for eight different compositions, and for initial envelope masses M 0 env > 0:002 0:005 M . These range from extreme "AGB-Manqué" behavior to those that eventually reach the thermally-pulsing AGB stage. The total number of models computed is extremely large, with about 20 sequences per composition, and 800 5000 models per sequence. As far as possible, we have generated complete tracks for models with envelopes smaller than that needed to reach the thermal pulsing stage on the giant branch. Most of our computations extend to a point on the white dwarf cooling curve where L = L or where the total hydrogen content X < 10 4 . We have also computed a small number of sequences through part of the TP-AGB stage in order to estimate the post-AGB contribution to integrated UV fluxes.
The input physics used included the reaction rates tabulated by Caughlan & Fowler (1988) , Los Alamos (Huebner et al. 1977) and Alexander (1975; 1981, private communication) opacities with the compositions listed below, and the Krishna-Swamy (1966) scaled-solar T-relation for the exterior boundary condition. The equation of state (EOS) used was the Eggleton, Faulkner and Flannery (1973) scheme, which for most of our models becomes equivalent to an ideal arbitrarily relativistic degenerate EOS. This is formally inadequate for representing the physics of the end of our evolutionary sequences when Coulomb interactions are large, but this deficiency is highly unlikely to cause large quantitative changes in the results, at least until the white dwarf cooling sequence is reached. Mass loss is not incorporated in the models; we will discuss its effect on our results for UV output in Section 3.4.
The parameters used for these computations are summarized in Table 1 . Zero Age sequences for the models are shown in Figure 2 , and the sequences themselves are illustrated in Figure 3 For all of our chosen compositions, the core masses at the onset of stable core helium burning, denoted M 0 c , were determined from the cores of RGB models evolved to the helium flash, with ages between 10 and 15 Gyr. For the metal-poor sequences, the values for M 0 c were taken from computations by VandenBerg (1992) of evolutionary tracks for globular cluster stars, while the core masses for the metal-rich sequences were computed as part of this study. Note that variations in the adopted age do not strongly affect the mass of stars at the tip of the RGB ( < 0:05 M ), in the sense that the effect of age is far smaller than the amount of mass loss required to populate the EHB. The effect of age on M 0 c is practically insignificant in stellar populations older than about 2-3 Gyr.
Results

Zero-Age Sequences
It is useful before considering the evolutionary sequences themselves to discuss the Zero Age HB sequences, as an aid in the understanding of the factors influencing the energy production during evolution. First, we recall that the ZAHB itself is a sequence of models with decreasing hydrogen shell strength and, to a very good approximation, a fixed core luminosity. Toward its hot end the envelopes of the models are homologous but have decreasing mass (see Dorman 1992b for a discussion). Since the hydrogen is too cool to burn, the envelope acts simply as a "shade" of steadily decreasing thickness. This shade ceases to be inert after core exhaustion. Apart from M From the ZAHB plotted here one can infer that a super-solar metallicity HB star will likely be either very red or very blue. At intermediate temperatures (e.g. 3:7 < log T eff < 4:1 for Z = 0:06) the mass points are widely spaced (i.e., d log T effZAHB =d M ZAHB is large). Even after allowing for the effects of evolution, this intermediate temperature range will still be under-represented compared with a more metal poor population with similar mass distribution. The stars which begin their HB lifetime at these temperatures will evolve fairly rapidly toward the blue. The early models of HB evolutionary tracks in this range of T eff follow the ZAHB essentially because both comprise sequences of models with decreasing shell brightness. One might anticipate long blueward loops during the evolution (see below and Sweigart & Gross [1976] ) for models which lie where the distribution of mass points along the ZAHB is sparse. 
This feature is not caused by the variations in M 0
c with metallicity; models with similar M 0 c to the most metal poor models but with solar composition are located on the ZAHB at almost the same temperature -albeit with higher luminosity -as those with the "solar" core mass value.
Evolutionary Models
Figure 3 (a) through (h) shows the evolutionary tracks. The rate of evolution along the sequences is indicated by filled circles at each 10 Myr through the HB lifetime. We have placed a cross at the point of core helium exhaustion, and subsequent evolution is denoted by open circles at intervals of 2 Myr. To illustrate the late rapid evolutionary stages, filled triangles are placed at 100,000 yr intervals after the time when L reaches 1000 L . Tabulations of the sequences will be available in machine readable format. The tables themselves are described at the end of this paper, where instructions on how to acquire them can also be found.
The features of post-HB evolution are determined by two major factors. The first of these is the delicate interplay between three different sources of luminosity -hydrogen-and helium-shell burning, together with gravitational energy release (referred to below as L H , L He , and L g ). The second is whether an outer convective zone develops. The diversity of track morphology arises because the similar core evolution is seen through the "filter" of the envelope. Our models indicate that in low mass stars, the formation of an extended giant envelope is directly related to growth in L H (the other important factor being the steep molecular weight gradient at the edge of the core: see Dorman 1990; Fujimoto & Iben 1991) . The strength of the shell itself is regulated by the envelope mass: if L H remains very small because M 0 env is small, the star cannot become a cool giant. After central helium exhaustion the energy from the triple-process dwindles until the core regions have contracted enough to ignite a He-shell burning source. This shell-heating phase is quite rapid, and L g arising from the central contraction is of the same order of magnitude as L H while L He 0. As the evolution proceeds further, however, the helium shell brightens, and by halting and reversing the contraction of the layers above it, it brings a reversal to the rising hydrogen shell and surface luminosity. L He then grows fairly rapidly and eventually reaches nuclear equilibrium, after which its evolution occurs on a nuclear timescale and both L H and L begin to grow again.
Once the helium-burning shell is fully established, the stable He shell burning phase follows, lasting about 20 Myr.
The behavior of the core region (i.e., fM r : X(M r ) = 0g) is similar for all envelope masses.
The behavior is easiest to understand in the extremes. For stars with sufficiently massive envelopes, the growing hydrogen burning shell expands the outer layers to a giant-like configuration during the post-central-exhaustion phase.
This leads to a normal AGB evolution. If M env is sufficiently small, however, L H does not respond to the contraction after central He exhaustion. Without the "push" of an increasing L H the outer layers do not expand and T eff remains very high. This is AGB-Manqué behavior (GR90). For an intermediate range of M env the brightening of the hydrogen shell forces the model toward the Hayashi line. As hydrogen burning reduces M env the growth of L H peters out, and the model leaves the lower AGB. Model sequences with this behavior are the post-Early AGB stars (Brocato et al. 1990 ). We have tabulated values of t 6 , the age in Myr since the ZAHB point, the central helium abundance Y c , log L=L , log T eff , the surface gravity log g s , M c (defined here by the mass at the peak of the hydrogen burning energy curve), and the central conditions log T c , log c . These tables give points along the evolutionary tracks at fixed values of Y c before core helium exhaustion, and at equal intervals along the track thereafter. Although we tabulate values in several of the tracks down to a point of relatively low luminosity on the cooling curve, we stress that the evolutionary tracks here are unreliable for two reasons: (1) our equation of state is inadequate, and (2) our program does not allow the hydrogen shell to burn the outer 0.0001 M :
In both of the AGB tracks in the panels, the evolution stays close to the Hayashi line both during the onset of equilibrium He-shell burning and the later He-shell flash events. The changes in the interior structure resulting from the motion and the growth of the shell sources are masked by the presence of the convective exterior. In the post-exhaustion phase, L and L H drop as the helium-burning shell becomes fully established. T eff hardly changes, as contraction of the envelope with decreasing L H merely reduces the depth of the convection zone. After the helium burning shell attains nuclear equilibrium, the evolution enters a slow red phase, sometimes referred to as the "Early AGB phase (E-AGB)" to distinguish it from the later TP-AGB phase. The model proceeds up the AGB until it reaches the thermally-pulsing regime, during which quiescent hydrogen burning at high luminosity is interrupted by violent helium shell flash events that occur on a thermal timescale at intervals of 10 5 yr (see Wood & Zarro 1981) .
Examples of P-EAGB model sequences are given by the dashed curves in Figure 4 . In the upper panel, during the post-core exhaustion phase the evolution reaches a point close to the Hayashi line. As the growth of the hydrogen shell reverses, the outer layers contract with it. The helium-burning shell reaches thermal equilibrium close to the blueward "nose" in this and similar sequences, and the subsequent evolution is redward to the AGB on a nuclear timescale. This part of the track is the E-AGB phase, and a significant part of the track may have T eff significantly greater than T AGB . In the corresponding metal-poor track (Fig. 4b) , the model is still at high T eff at core exhaustion, and evolves rapidly toward the AGB as L H grows. However, when L He stabilizes, the star is still strongly radiative -note the small feature in the sequence at T eff 4:25, log L=L 2 which indicates the beginning of the E-AGB phase. The other obvious difference between the dashed sequences in the upper and lower panels is the complex (and rapid) loops which represent helium shell flashes occuring after the model has left the giant branch. These are more extreme examples of the changes in surface conditions that can result if the thermal instability in the interior is not masked by an outer convection zone.
The solid curves in Figure 4 are examples of AGB-Manqué tracks. In contrast to the extensive redward evolutionary paths of the models just discussed, the contraction phase is marked by a slight dip in the luminosity as L He diminishes. Since there is no significant hydrogen burning the following evolution is controlled by the growth of the helium burning shell -rather like the core helium burning phase itself -with little or no tendency toward the red. The subsequent evolution thus consists of a "slow blue phase" (see HDP) which is the counterpart to the Early AGB evolutionary phase of more massive model sequences. Eventually as the contraction proceeds further, (i.e., when log L=L > 2), the H-shell at last provides a fair fraction of the luminosity. As it consumes the remaining outer layers, the evolution turns toward very high T eff . This phase is not to be confused with the helium-burning main sequence evolution. It is a helium shell-burning phenomenon, and the brighter AGB-Manqué sequences rely on some L H for a fraction of their luminosity. These sequences produce copious UV output throughout the late stages of evolution, and they are distinguished from each other only by the size of the hydrogen burning contribution to the luminosity at late times. Their longevity allows the possibility of strong observational tests for their existence. The ratio of stars that lie in the AGB-Manqué stage to their EHB precursors is predicted to be 1:5 to 1:6 depending on composition, and a significant population of these should be detectable in star clusters and the Galactic Bulge using space based UV photometry.
We next discuss the upper bound to the masses of EHB stars, as defined in x1. P-AGB stars arise after the TP-AGB when the envelope is exhausted by nuclear burning and by stellar winds. There is clearly a critical size of envelope mass required for reaching this stage, equal to the hydrogen fuel consumed during AGB evolution, plus any mass loss suffered prior to the TP-AGB. The value of M env -and therefore the fuel supply -at the point where the rapid blueward evolution commences is bounded above by stellar structure considerations. If the envelope is too large, i.e., M env > 0:002 M (decreasing with L), the model will not leave the giant branch. The physical processes by which P-AGB evolution begins can be qualitatively understood as follows. In the quiescent H-burning phases, L = L H , and the luminosity increases with the core mass. By definition, a model stays on the giant branch as long as it can remain in equilibrium with a cool convective envelope. The steeper temperature gradient arising from the brighter burning shell in more luminous models allows stars with smaller envelope masses to exist with exterior convection zones. Eventually, however, this is not possible: the outer layers must contract so that the density in the burning shell is high enough to keep it in equilibrium, and the star evolves off the giant branch. This process will be assisted by mass loss (cf. Schönberner 1983) , which increases with luminosity and with decreasing temperature (see section 3.4).
The duration of the post-AGB evolution is related to the luminosity at which the star crosses the HR diagram and the remaining fuel supply. For the two brighter sequences, triangles mark 10,000 year evolutionary intervals on the part of the track where log L=L > 3. The most luminous of these sequences is an example of low-mass P-AGB evolution according to our definition, since it enters the thermally pulsing stage while still on the AGB. Its rate of evolution is very high compared to the others. The 0:52 M track has two thermal pulses which occur after the star has started to cross the HR diagram, and represents a model very close to the transition between classic P-AGB behavior and the Post-Early AGB morphology. The difference in evolutionary rate arises, in addition to the change in luminosity and hydrogen fuel supply, from the fact that post-Early AGB stars are partially supported by He-burning as they evolve to higher temperatures (Castellani, Limongi & Tornambè 1992) The sixth column in Table 1 lists the M 0 env values for the most massive sequence that does not begin thermally pulsing on the AGB, and this represents the boundary between the models that evolve into P-AGB sequences and those that do not. Suprisingly, the total masses of the models in this column are the same for all compositions with [Fe=H] 0. For the most metal-rich sequences, the models with M 0 env < M TP env as listed in the table do not undergo thermal pulses at all, as we will discuss briefly in a later section. Schönberner (1979 Schönberner ( , 1983 computed P-AGB sequences by evolving models of several masses through the HB phase toward the upper AGB. His HB evolution differed from ours as partial mixing (semiconvection) was not included: the effect of this is to lengthen the AGB lifetime at the expense of the HB evolution. He then applied high mass loss rates to the models at selected luminosities, so that each model began to evolve as a Post-AGB sequence from that point.
The masses of the remnants at each selected value of L have been used to derive a low mass L-M c relationship, and the timescales for evolution to the cooling track have also been used to estimate the UV output from low mass P-AGB stars, as well as in studies of planetary nebulae. Our sequences differ in the core masses found for evolving models at his chosen luminosities, which we assume arises because more time is spent at higher luminosity. Schönberner's 0.565 M sequence. This Schönberner sequence crosses from T eff = 5000 K to 100; 000 K in about 16,000 yr, with log L=L = 3:60 as compared to about 26,000 yr, log L=L = 3:55 for our model.
One can determine the potential contribution of a given type of star to the UV light of a stellar population by integrating the UV luminosity over the individual evolutionary tracks. A typical result of such a calculation is shown in Fig. 6 where the UV energy output from the evolutionary sequences for Z is shown as a function of M 0 env . We have chosen a bandpass of width 150Å centered close to 1500Å for this particular figure, and the energy output is given in units of 10 48 ergÅ 1 per star. The luminosity in the band has been estimated using bolometric corrections derived from the Kurucz (1991) model stellar atmospheres for T eff < 50; 000K, and those of Clegg & Middlemass (1987) for higher surface temperatures. The points corresponding to the models illustrated in Fig. 5 are labelled by their total mass. For the 0:53 M model, the P-AGB contribution is almost insignificant compared to the output during the HB phase. Models that enter the P-AGB stage with still larger masses have higher luminosity and smaller fuel supply, and thus more rapid evolution and smaller UV energy output. Apart from the P-AGB contribution, at this metallicity only the EHB stars and their progeny emit significant UV radiation. Note that the UV output decreases toward the point representing the helium main-sequence model, a circumstance that arises partly because of larger bolometric corrections but also from the decreasing luminosity. The value of M 0 env for which the flux is greatest is a weak function of the bandpass chosen, and for all but the shortest wavelengths it lies close to M 0 env = 0:02M . We will discuss the variation of these curves with bandpass and with stellar composition in much greater detail in Paper II.
Evolution of Models with High Metallicity
The figures 3a -3f show a gradual change in morphology of the EHB sequences during the post-HB stages of evolution. The most obvious difference is the relative paucity of tracks crossing the region of intermediate temperatures (log T AGB < log T eff < 4) among the metal-rich sequences as compared to the metal poor sequences. This can be traced to the ZAHB mass distribution, in which which is predominantly red for the entire evolution, while the models which are blue on the ZAHB evolve into AGB-Manqué objects. In contrast, for low metallicity (see Figs 3a and 3b) , stars with envelopes which have ample mass for the star to reach the AGB can be quite hot during the HB evolution, and since outer envelopes do not become convective until the star has become very bright, they evolve redward for most of the E-AGB phase.
Models predict that the HB stars of metal-rich populations will differ in subtle ways from those found in globular clusters. Differences in the composition causes changes in the interiors of the models that affect their luminosities and their rates of evolution. For metal-poor compositions, the free-free contribution to the core opacity is generally about 25% (Dorman & Rood 1993 ) and is largely due to carbon produced during the helium core flash. For [Fe=H] > 0 however, the core material at the ZAHB has up to twice the carbon abundance in addition to a contribution from the iron-peak elements. This abundance difference, together with the smaller core masses predicted by RGB evolution, produces smaller central temperatures and helium-burning luminosities. As a result, the central conditions that obtain in lower metallicity models at the ZAHB are not encountered until 10-20 Myr into the evolution. The initial size of the convective core is smaller and the core expansion (overshooting) phase is prolonged. The circumstances that induce a partially mixed (semiconvective) region surrounding the convective core do not arise until the central helium abundance Y c 0:60, compared with Y c > 0:70 found for metal-poor models. The convective core size grows to about 0.14 -0.15 M , and the greatest extent of the partial mixing zone is at about 0.22-0.24 M , as compared to 0.17 M for the convective core and 0.27-0.29 M for the mixing zone in the most metal-poor sequences. The total supply of helium accessible to the core burning source is thus reduced. Nevertheless, the core luminosity is also lower, and the time taken to exhaust helium in the core is about 20% greater for Z = 0:06 than for [Fe=H] = 2:2(Z = 0:0001).
The core mass also affects the rate of HB evolution through its effect on the central temperature: since M c increases with time if L H is large, the more massive models with stronger shell burning will have lifetimes similar to those of less metal-rich models. As a result the metallicity effect on HB timescales is obvious only for the EHB models. For the post-HB evolution, the smaller extent of the mixing region on the HB implies that the amount of helium left over at central helium exhaustion is larger. The slow blue phase is therefore somewhat longer, lasting up to 30 Myr in the most metal-rich sequence as opposed to about 20 Myr at low metallicity. However, their luminosity is lower than the more metal rich objects, and the UV energy output of models in this phase will not be very different. The helium abundance of the models illustrated in Figs 3e and 3f is, however, almost certainly underestimated, while our computations with Z = 0:06, Y ZAMS = 0:45, (assuming ∆Y =∆Z = 4) represent the other extreme.
The tracks computed with enhanced helium abundance show important differences in the HB phase and in the rapid evolutionary phase following He-exhaustion. As noted above, the essential difference resulting from enhanced helium abundance is a major increase in the hydrogen burning luminosity, all other parameters being fixed. Since Y does not strongly affect the opacity, it does not greatly affect the ZAHB mass distribution, and ZAHB models lie on the red HB for all but the smallest M 0 env . The blueward loops in the HB evolutionary sequences arise from a contraction in the envelope caused by a decrease in L H with time. This is, in turn, results from expansion of the core region in the early part of the evolution. The effect is most pronounced when both Y and Z are large: in the subsequent evolution off the ZAHB, L H decreases much more dramatically than with lower Y , and the blueward loop extends to much higher temperatures. These extended loops move the models into the far-UV "window" for a greater part of their core He-burning lifetime. The core begins to contract long before core exhaustion and takes the evolution back toward the red. Since the core mass is significantly larger than on the ZAHB, the hydrogen burning shell brightens rapidly to a higher luminosity. The result of both the helium and hydrogen shells increasing together is a wide loop in the HR diagram (Sweigart & Gross 1976) .
The post-HB evolutionary morphology is also modified as a result of the enhanced hydrogen burning. The envelope is consumed more rapidly, and the critical mass M TP env thus increases. In the AGB-Manqué-type objects, L H is suppressed by the small envelope mass throughout evolution, just as in the lower-Y sequences. However, at core exhaustion, the hydrogen shell responds more strongly than is the case with lower Y . Since the outer layers are more easily consumed before the model reaches the AGB, a larger range of masses evolves with the AGB-Manqué-type morphology. Note that the much greater lifetime of the sequences in Fig. 3g The critical mass for evolution to the TP-AGB is also larger (see Table 1 ).
HDP recently studied the evolution of similar objects. They computed models for Z = 0:02; 0.04, and 0.06 with two values for Y for each metallicity, both assuming relatively large values of ∆Y =∆Z. Their models indicated that at higher metallicities, a larger range of masses becomes AGB-Manqué stars, and this was especially true of their higher helium abundances. They pointed out that if helium abundance increases with Z as steeply as ∆Y =∆Z = 4 for [Fe=H] > 0, then HB models with the range of masses normally inferred from the HB -rather than those with enhanced degrees of mass loss -could be responsible for excess UV flux in elliptical galaxies. Some of our computations were conducted with very similar choices of the abundance to HDP's. We are able to reproduce some of their evolutionary sequences, but for the set with Y 0:45, Z = 0:06, our sequences are very different. None of our models possess a stage in which the hydrogen in the envelope is exhausted before helium shell burning takes place. In addition, we find that the transition mass (M tr ), below which the models become AGB-Manqué stars, is in the range 0:55 0:575 M , rather than the value of 0:80M found by HDP. For Z = 0:04 our sequences with Y = 0:36 have M tr at about 0.52 M , compared to their M tr = 0:62 M for models with Y = 0:37. However, comparison with our lower Y , high-Z sequences shows that it is the envelope helium abundance, rather than the metallicity, that is responsible for the larger range of masses that may produce UV radiation. HDP's argument that higher CNO abundance in high-metallicity models gives rise to more rapid hydrogen burning neglects the effect of opacity in regulating L H (see
Dorman 1992b).
One very noticeable difference between the metal-rich and metal-poor evolutionary sequences is in shell flash phenomena. The lower mass models with Z > Z experience the shell flashes only on the AGB, whereas models of similar M 0 env but lower metallicity sometimes undergo flashes during hotter phases. Some of our sequences also exhibit a hydrogen shell flash phenomenon close to the cooling track, triggered at the point where the contracting model heats the remaining hydrogen (usually X < 10 4 M ). These events are particularly noticeable in Figs 3c and 3d.
It is clear that we expect composition differences to affect the range of masses that undergo thermal pulses on the AGB itself. The obvious tendency for more metal-rich models to possess exterior convection zones makes this phenomenon more likely to take place on the AGB rather than at some intermediate temperature. However, for the most metal poor sequences, every sequence undergoes a thermal pulse at some point on the track, whereas for metal rich sequences only the more massive models do so 2 . This has also been noted by Castellani & Tornambè (1991) , who suggest that the opacity must be responsible in suppressing the shell flash phenomenon. The few numerical experiments we have conducted on this issue concur with that suggestion. For our purposes here we note that neither kind of high temperature shell flash is, if they do occur in nature, is of sufficient duration to affect the UV output from a population. This is especially true for the hydrogen shell flash phenomena (also found by Caloi 1989; Castellani & Tornambè 1991, and HDP), which cause rapid brightening for short periods ( 1000 yr) at very high temperatures.
The Effects of Mass Loss
An important omission from the models in this study is that of mass loss during the HB and AGB phases. The actual evolution toward and beyond the TP-AGB phase is almost certain to be seriously affected by the stellar winds observed in cool giants (see Dupree 1986 for a review) and inferred from the HB morphology (Iben and Rood 1970; Rood 1973; Lee, Demarque & Zinn 1990 ). Stars on the AGB sequence are sufficiently similar in their exterior properties that they should be subject to the same slow mass loss processes that occur on the RGB. We exclude the unlikely circumstance that the bulk of RGB mass loss takes place at the helium core flash. The upper AGB evolution could conceivably have greater mass loss, related to physical processes such as thermal pulses not found on the RGB, in addition to the mechanism that is responsible for the formation of planetary nebulae. Thus even for luminosities less than the helium core flash luminosity (L 1800 2500L ) each star has two phases in which a few tenths of a solar mass may be lost. The 'slow' stellar wind is often parametrized by the mass loss formula deduced by Reimers (1975) (where L, g and R are expressed in solar units), in which is a free parameter whose value is constrained by observation. Renzini (1981b) points out that < 0:6 for red giant stars, as larger values would inhibit core helium burning and force the models directly to the cooling track. Horizontal branch morphology generally requires 0:25-0.5 for Galactic globular clusters. Further, unless a similar value is maintained on the AGB one would find many AGB stars in globular clusters significantly brighter than the tip of the red giant branch, contrary to observation.
Let us assume that mass-losing stars readjust on a thermal timescale, so that the star has the structure of a model from a constant-mass sequence of the same envelope mass at the stage of evolution appropriate to the state of the core. We consider the possibilities for mass loss (as parametrized by the Reimers formula) during heliumburning evolution. The tightly-bound AGB-Manqué stars will lose very little mass (a few 10 4 M ) during their evolution, given < 1. Their evolution is thus adequately represented by constant-mass sequences. For the models with M 0 env > M TP env + M AGB , ( M AGB here refers to the total amount of mass lost on the AGB during stable He shell burning) the evolutionary tracks for different envelope masses are closely coincident, and thus the evolutionary tracks will be virtually unaltered by mass loss. The UV output will be given in principle by P-AGB evolutionary sequences.
For a range of M 0 env , the lifetime integrated UV flux may be increased by mass loss. Figure 7 shows an estimate of the cumulative mass loss predicted by the Reimers formula for four of the solar metallicity sequences, in units of M = , as a function of the luminosity (these post hoc assessments will be overestimates for models with temperatures and surface gravities which are significantly increased as a result of the mass loss). The shell flashes have been suppressed for the sake of clarity. The start of Early-AGB evolution at log L=L 2:2 can be seen clearly in the diagram, and the total mass loss increases rapidly beyond log L=L = 3. The envelope mass can either be reduced enough so that the model enters the AGB-Manqué region of the HR diagram, or simply leaves the AGB early like the constant-mass P-EAGB models. For example, unless is very small, the two smallest masses illustrated in Fig. 7 will not proceed very far toward the giant branch before losing sufficient mass to adopt the AGB-Manqué behavior, while the 0.60 M model may become a P-EAGB star if > 0:4 0:5.
It seems probable that only the less massive stars can become AGB-Manqué objects as a result of mass loss. The UV contribution from these stars will increase, but to an amount not exceeding the greatest difference between the upper and lower curves in Fig. 6 . For the more massive sequences, the lifetime UV output is in the range spanned by the post-HB contribution from the constant mass P-EAGB sequences. In addition since the most rapid mass-losing phases are at high luminosity, which is attained late in the evolution, this output is likely to be close to the lower end of the range. These arguments can be summarized by the statement that the lifetime UV output from a mass-losing model must be less than that from a constant-mass model sequence with the same final (white dwarf) mass. Hence our derived radiation curves such as 
Summary
We have computed an extensive grid of horizontal-branch and post-HB models for a large range in composition. These sequences expand the parameter space of advanced stages of stellar evolution that has been explored in detail, in metallicity and in range of masses. We have calculated HB sequences for a number of super metal-rich compositions, to be of use in interpreting observations of hot stars in elliptical galaxies and in the Galactic bulge and field. Our large set of computations for EHB stars will be a component of future studies of the blue tail of the HB of globular clusters. Such studies may provide new insights into the globular cluster populations and the relation to their dynamical properties (see Fusi Pecci et al. 1992) , because they will focus on a population which is resolved in cluster cores.
We have also explored the low mass end of post-AGB evolution in some detail. We note that if the core masses of HB stars are approximately fixed, then a scatter in the masses attained by the core at the end of the AGB phase is a natural consequence of the variation in hydrogen burning luminosity on the HB. The effect is of order 0.01 M between models with M ZAHB = 0:60 and 0.90 M . We find that the total mass required to reach the TP-AGB is quite insensitive to Z. The sequences also indicate that UV-bright stars in globular clusters with L 1000 1800L like many of those observed (deBoer 1985; Landsman et al. 1992) , should have masses < 0:52 M . This luminosity places the stars below the region of thermal pulses, i.e., in the P-EAGB regime. The number counts of such stars relative to the numbers of HB stars is consistent with lifetimes of a few hundred thousand years for these objects (Renzini & Buzzoni 1986) , significantly longer than the true P-AGB stars. Recall that the faintest model sequence computed by Schönberner (1983) is a hydrogen-burning P-EAGB star by our definition: it does not reach the TP-AGB stage because of the assumed mass loss (see also Castellani & Tornambè 1991) .
If the mass loss on the first red giant branch is such that the EHB is significantly populated then the UV light from the EHB itself, AGB-Manqué, and P-EAGB stars will vastly exceed that from P-AGB stars in an old stellar population. The apparent correlation of the UVX with metallicity (or more accurately, with the absorption line strength of magnesium) provides the only clue so far uncovered as to why some galaxies might produce more UV-bright stars.
The general features of the evolutionary sequences as a function of M 0 env vary with the composition of the envelope.
As pointed out by Caloi (1989) , for any given choice of metallicity and Y each class of sequences (AGB-Manqué, P-EAGB, etc) is present for some range of masses (cf. Ciardullo & Demarque 1978) . It is thus possible that an old population of any composition could have significant UV light: whether such a population actually does so will depend on the mass distribution of stars arriving on the HB. The UV output of HB sequences is, of course, primarily determined by M 0 env for models of fixed composition. The UV energy integrated along an evolutionary track is approximately proportional to the flux from a population of stars of a single mass, arriving on the HB at a constant rate. This arrival rate of stars on the HB can be predicted from the number of stars leaving the main sequence or the population of the upper part of the giant branch. The flux from a stellar population can thus be derived by assuming a distribution of HB stars in M ) derived from constant mass evolution sequences can be used to find reliable estimates for the UV radiation from mass-losing stars. The greatest UV flux is produced by stars which lost their mass prior to arrival on the HB. The UV energy radiated during the HB lifetime is very significant for blue HB models. For the most metal-poor compositions, the more massive of these stars eventually reach the P-AGB stage, and their post-HB UV flux will not contribute greatly to their total output. The EHB stars all produce large post-HB flux; this contribution rises as the mass is decreased through the post-Early AGB to the AGB-Manqué mass range, in which the greatest integrated energies are found. E (M 0 env ) is found to peak for some M 0 env > 0:02 M , the exact point depending on the UV waveband.
For metallicities above solar, the conclusions depend on the helium abundance. For one extreme assumption about Y , ∆Y =∆Z = 0, the EHB model sequences are fainter and longer-lived than more metal poor sequences, as well as being somewhat cooler, and only a small mass range produces any UV radiation. This range tends to increase with Y both because more models become hot during their HB existence and because a larger mass is needed to reach the TP-AGB stage. A large value of Y appears to be necessary to make a big difference in this range of masses (see paper II). While the UV output from high Y models is expected to be somewhat larger than from the low Y models, the assumption of very high Y at high Z is not necessary to explain the magnitude of the UV output from a metal-rich population. However, the degree of mass loss required to produce hot stars decreases with Y because (1) the red-giant progenitor stars of fixed age may be significantly less massive if ∆Y =∆Z is large, e.g., by about 0:1M between Y = 0:27 and Y = 0:45 at Z = 0:06, and (2) more massive HB and post-HB objects are UV producers. Our models indicate that for the highest Y and highest Z models, a UV-bright population might be produced with degrees of mass loss that are comparable from that inferred from the globular clusters. On the other hand, for sufficiently low ∆Y =∆Z, a metallicity-enhanced mass loss function appears to be the only possibility allowing large UV fluxes from evolved metal-rich stars. It is likely that mass loss does indeed increase with metallicity, at least for [Fe=H] 0. One of the most popular current models for mass loss in very cool stars involves radiation pressure on dust grains (see MacGregor & Stencel 1992) , which will become more efficient at low surface temperatures and high metal abundance. Very recently, Tripicco, Dorman & Bell (1993) have found that higher mass loss rates than those inferred for globular cluster stars are needed to explain the color of the clump stars in the open cluster M 67, which has solar metallicity.
In sum, comprehending how the UVX phenomenon may be correlated with any parameter requires an understanding of how that parameter affects the mass distribution on the ZAHB. A second ingredient must be a better knowledge of galactic chemical evolution as it affects the helium abundance at high Z. The development of observational tests for Y in metal-rich stellar populations (difficult enough in any environment) would be very useful. Whether the UVX or analogous phenomena can be used as a probe for parameters, such as age, of old stellar populations must await a better understanding of these factors.
Progress in understanding the stellar population responsible for the UVX phenomenon requires quantitative comparisons between synthesized observable quantities, in particular the 1500 V color, and the observations themselves. The following papers in this series will use these sequences to provide such estimates, and discuss in detail the integrated UV fluxes predicted by these models. We will also produce synthetic integrated spectra that illustrate variations of the UV flux with the stellar population, and compare these to observation.
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